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a b s t r a c t

Scaffolds prepared from biodegradable polyurethanes (PUR) have been investigated as a supportive
matrix and delivery system for skin, cardiovascular, and bone tissue engineering. While previous studies
have suggested that PUR scaffolds are biocompatible and moderately osteoconductive, the effects of
encapsulated osteoinductive molecules, such as recombinant human bone morphogenetic protein
(rhBMP-2), on new bone formation have not been investigated for this class of biomaterials. The
objective of this study was to investigate the effects of different rhBMP-2 release strategies on new bone
formation in PUR scaffolds implanted in rat femoral plug defects. In the simplest approach, rhBMP-2 was
added as a dry powder prior to the foaming reaction, which resulted in a burst release of 35% followed by
a sustained release for 21 days. Encapsulation of rhBMP-2 in either 1.3-micron or 114-micron PLGA
microspheres prior to the foaming reaction reduced the burst release. At 4 weeks post-implantation, all
rhBMP-2 treatment groups enhanced new bone formation relative to the scaffolds without rhBMP-2.
Scaffolds incorporating rhBMP-2 powder promoted the most extensive new bone formation, while
scaffolds incorporating rhBMP-2 encapsulated in 1.3-micron microspheres, which exhibited the lowest
burst release, promoted the least extensive new bone formation. Thus our observations suggest that an
initial burst release followed by sustained release is better for promoting new bone formation.

� 2009 Elsevier Ltd. All rights reserved.

1. Introduction

Incorporation of signaling molecules, such as growth factors, in
a scaffold to support ingrowth of cells and new tissue is an effective
approach to regenerating tissue such as bone. Polymer scaffolds
have been used extensively in bone tissue engineering. Ideally, the
scaffold should support cell attachment and ingrowth of new

tissue, as well as biodegrade at a rate matching that of new tissue
ingrowth.

Scaffolds synthesized from biodegradable polyurethanes (PUR)
have been investigated in skin [1–3], cardiovascular [4–7], and
bone [8,9] tissue engineering applications. In these applications,
PUR scaffolds have been reported to support cell ingrowth and
tissue remodeling, as well as biodegrade to non-cytotoxic decom-
position products [3,4,10–12]. A distinguishing feature of these
biomaterials is the potential to inject them as a reactive two-
component liquid or paste that cures in situ to form a solid elas-
tomeric scaffold without causing tissue damage or inducing
a significant inflammatory response [1,9,13,14]. PUR scaffolds have
also been investigated as delivery systems for controlled release of
growth factors, including bFGF and rhPDGF-BB [2,13,15]. We have
previously demonstrated that rhPDGF-BB released from two-
component reactive PUR scaffolds implanted in rat skin excisional
wounds both enhanced new tissue formation and also accelerated
polymer degradation, suggesting that the bioactivity of the growth
factor was not adversely affected by the chemical reaction [2].
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The osteoinductive growth factor bone morphogenetic protein-
2 (BMP-2) stimulates osteoblast differentiation and promotes bone
formation. Recombinant human (rh) BMP-2 delivered from
a collagen sponge (INFUSE� Bone Graft, Medtronic) is an FDA-
approved therapy for posterior-lateral spine, tibia, and specific
craniofacial applications. The collagen sponge delivery system
results in a bolus release of growth factor in the first several hours
[16]. Unfortunately, there is no conclusive evidence regarding the
optimal release kinetics. There is, however, evidence that BMP-2
promotes bone formation via different mechanisms such as oste-
oblast differentiation, chemoattraction, angiogenesis, and cell
signaling at the initiation of fracture healing. A number of studies
have suggested that sustained release of rhBMP-2 [17–19] is more
effective than a bolus release for promoting new bone formation.
For example, delayed percutaneous injection of rhBMP-2 into the
fracture site one week after surgery resulted in enhanced fracture
healing relative to injection within one day in a primate model [20].
The improvement in healing associated with delayed injection was
conjectured to result from a larger number of cells at the fracture
site. Other studies have suggested that BMP-2 plays an important
role at early stages in the healing process. BMP-2 is involved in
promoting angiogenesis [21] and migration of human mesen-
chymal progenitor cells (MPCs) [22]. It may also serve as the trigger
in the fracture healing cascade as demonstrated by its early
maximal expression on day 1 as measured in a mouse tibia fracture
model [23]. Taken together, these previous studies suggest that
both a burst and sustained release of rhBMP-2 are beneficial. A
burst release of rhBMP-2 is anticipated to increase cellular migra-
tion and promote angiogenesis, while sustained release is antici-
pated to promote differentiation of the responding cells and thus
more new bone formation.

One purpose of the present study was to evaluate the ability of
rhBMP-2 delivered from PUR scaffolds to heal bone defects. Scaf-
folds fabricated from biodegradable segmented PUR elastomers
supported new bone formation when implanted in monocortical
defects in the iliac crest of sheep for six months [8,24], implying that
the materials are moderately osteoconductive. Delivery of rhBMP-2
from polymeric scaffolds, such as poly(lactic-co-glycolic acid)
(PLGA) and poly(propylene fumarate) (PPF), has been shown to
promote new bone formation [25–31], but the effects of rhBMP-2
released from two-component reactive polyurethanes on new bone
formation have not been investigated. It has been suggested that the
harsh polymerization conditions, such as crosslinking and thermal
gradients, associated with reactive biomaterials may adversely
affect the bioactivity of added growth factors [32]. Although we
have previously shown that rhPDGF powder encapsulated in reac-
tive PUR scaffolds retained w80% of its bioactivity [2], these results
do not necessarily translate to rhBMP-2. Another objective of this
study was to modulate the release kinetics by encapsulating rhBMP-
2 in microspheres of varying size prior to embedding in the PUR
scaffolds. The burst release from microspheres in the range of
35–45 mm reportedly decreased when embedded in PPF/micro-
sphere composite scaffolds [32]. However, the effects of particle size
on release kinetics and new bone formation have not been previ-
ously investigated. In this study, we have investigated the effects of
microsphere size on rhBMP-2 release kinetics and new bone
formation in a rat femoral plug model.

2. Materials and methods

2.1. Materials

Polyvinyl alcohol (PVA), glycolide, and D,L-lactide were obtained from Poly-
sciences (Warrington, PA). The tertiary amine catalyst TEGOAMIN33, which
comprised a solution of 33 wt% triethylene diamine (TEDA) in dirpropylene glycol,
was received from Goldschmidt (Hopewell, VA) as a gift. Polyethylene glycol (PEG,

600 Da) was purchased from Alfa Aesar (Ward Hill, MA). Dichloromethane (DCM)
and glucose were from Acros Organics (Morris Plains, NJ). Hexamethylene diiso-
cyanate trimer (HDIt, Desmodur N3300A) was received as a gift from Bayer Material
Science (Pittsburgh, PA). Stannous octoate catalyst was received from Nusil tech-
nology (Overland Park, KS). a-minimal essential medium (a-MEM) was purchased
from Fisher Scientific (Pittsburgh, PA). PLGA (50/50, intrinsic viscosity 0.58 dL/g) was
purchased from LACTEL (Pelham, AL). Recombinant human bone morphogenetic
protein-2 (rhBMP-2) was received as a gift from Professor Jeffrey Hollinger at Car-
negie Mellon University. All other reagents were purchased from Sigma–Aldrich (St.
Louis, MO).

2.2. Poly(lactic-co-glycolic acid) (PLGA) microspheres fabrication

A double emulsion technique was used to fabricate PLGA microspheres [2,33].
PLGA (50/50, 0.58 dL/g) and PEG (4600 Da), at a ratio of 9:1, were dissolved in DCM
at polymer concentrations of 10% and 5% for large and small size particles, respec-
tively. A glucose solution of BSA–FITC (fluoroisothiocyanate-labeled bovine serum
albumin) or rhBMP-2 was added to the polymer DCM solution, followed by soni-
cation to form the water-in-oil (w/o) emulsion. The w/o emulsion was then added to
a PVA solution (0.3% and 5% for large and small size particles, respectively) under
intense stirring to form the water-in-oil-in-water (w/o/w) double emulsion. A
homogenizer was used for the first 100 s of stirring. Subsequently, the double
emulsion was mixed using a stir bar for another 2.5 h to evaporate the DCM solvent.

The particles were then recovered by centrifugation, washed, and lyophilized.
Large microspheres (PLGA-L) were imaged using an Olympus BX60 microscope, and
the particle size distribution (PSD) was calculated by sampling w500 particles. Small
microspheres (PLGA-S) were imaged by scanning electron microscopy (Hitachi
S-4200 SEM), and the PSD determined by dynamic laser light scattering (Malvern
ZetaSizer 3000HS). The loading efficiency of rhBMP-2 into PLGA particles was
determined as reported previously in Ref. [18]. Briefly, the microspheres were dis-
solved in DCM, rhBMP-2 was extracted into PBS over a period of 36 h, and the
concentration of rhBMP-2 was then measured by ELISA. The thermal transition of as-
received PLGA and PLGA particles were measured using a Thermal Analysis Q2000
Differential Scanning Calorimeter (DSC). Two cycles of cooling and heating in the
temperature range of �50 �C and 150 �C, at a speed of 10 �C/min, were recorded for
5 mg samples.

2.3. Synthesis and characterization of polyurethane (PUR) scaffolds

Polyester triols (900 Da) were prepared from a glycerol starter and a backbone
comprising 60 wt% 3-caprolactone, 30 wt% glycolide, and 10 wt% D,L-lactide as
published previously in Refs. [10,12]. PUR scaffolds were synthesized by one-shot
reactive liquid molding of hexamethylene diisocyanate trimer (HDIt; Desmodur
N3300A) and a hardener comprising 900-Da polyol (or a 50/50 w/w mixture of
polyester triol and PEG600), 1.5 parts per hundred parts polyol (pphp) water,
4.5 pphp TEGOAMIN33 tertiary amine catalyst, 1.5 pphp sulfated castor oil stabilizer,
and 4.0 pphp calcium stearate pore opener. The isocyanate was added to the hard-
ener, mixed for 30 s in a Hauschild SpeedMixer� DAC 150 FVZ-K vortex mixer
(FlackTek, Inc., Landrum, SC), and the resulting liquid mixture poured into a cylin-
drical mold where it cured as a free-rise foam after w20 min [10,12]. The targeted
index (the ratio of NCO to OH equivalents� 100) was 100 for PUR scaffolds incor-
porating small PLGA particles and 115 for all other scaffolds. In order to incorporate
protein into PUR scaffold, lyophilized protein powder, PLGA-L, or PLGA-S was added
to the hardener component before mixing with the isocyanate to prepare the
scaffolds. Specific formulations evaluated are listed in Table 1. For each of the three
delivery strategies, the dosage of rhBMP-2 was controlled at 2.5 mg/ml scaffold.

Scanning electron microscopy (Hitachi S-4200 SEM, Finchampstead, UK) was
utilized to measure the pore size and determine the internal pore morphology of the
polyurethane scaffolds. The density and core porosity were calculated as reported
previously in Ref. [2,10], with three replicates for each PUR type. The thermal
transitions of scaffolds were measured using a Thermal Analysis Q2000 Differential
Scanning Calorimeter (DSC). Two cycles of cooling and heating in the temperature
range of�50 �C and 150 �C, at a speed of 10 �C/min, were recorded for 5 mg samples.
The storage and loss moduli of the scaffolds were also evaluated by dynamic

Table 1
Summary of PUR compositions. The formulation of the proteins added to the
hardener component is listed for each material.

PUR type Additives in the hardener

PUR N/A
PUR/rhBMP-2 rhBMP-2/heparin (1:20) powder, 2 wt% Glucose
PUR/PLGA-L-rhBMP-2 PLGA-L-rhBMP-2, 14 wt%
PUR/PLGA-S-rhBMP-2 PLGA-S-rhBMP-2, 9 wt%
PUR/BSA–FITC BSA–FITC powder, 2 wt% Glucose
PUR/PLGA-L-BSA–FITC PLGA-L-BSA–FITC, 14 wt%
PUR/PLGA-S-BSA–FITC PLGA-S-BSA–FITC, 9 wt%

B. Li et al. / Biomaterials 30 (2009) 6768–6779 6769



mechanical analysis (DMA) in compression mode with a temperature sweep of
�80–100 �C, at a frequency of 1 Hz, 20-mm amplitude, 0.3-% strain, and 0.2-N static
force [2,13]. Confocal microscopy was performed using a Zeiss LSM510 confocal
microscope to the image distribution of BSA–FITC within the microspheres and
scaffolds.

The temperature profiles during foaming of the polyurethane scaffolds were
measured to determine the exotherm from the reaction. After the isocyanate and
resin components (with or without microspheres) were combined, a thermocouple
(Fluke 53II) was inserted into the center of the reactive liquid mixture for the
duration of foaming. The temperature was recorded every 15 or 30 s.

2.4. In vitro release experiment

Three replicate scaffold samples (w50 mg) containing 2.5 mg rhBMP-2 were
immersed in 1 ml release medium (a-MEM incorporating 1% BSA) contained in
polypropylene vials sealed by O-rings. BSA was included to minimize adsorption of
rhBMP-2 onto the scaffolds and vials [2]. The medium was refreshed every 24 h to
minimize degradation of the growth factor [2]. The rhBMP-2 concentration of daily
pools as indicated in the cumulative release plot was determined using a Human
BMP-2 Quantikine ELISA kit (R&D systems, Minneapolis, MN). The daily release plot
was generated from a logarithm curve fit from the raw data. The power law model
[34,35] was used to fit the accumulative release curves in order to elucidate the drug
release mechanism.

2.5. In vitro alkaline phosphatase (ALP) activity assay

The releasates from the first 9 days from PUR/rhBMP-2 and PUR/PLGA-L-rhBMP-
2 separately were combined and examined for ALP activity using MC3T3 osteo-
progenitor cells. MC3T3 cells were plated on 48-well plates in a-MEM containing
10% FBS. When the cells reached confluence, the culture medium was changed to
a-MEM containing 2.5% FBS with or without 100 ng/ml of rhBMP-2 releasate. Fresh
rhBMP-2 was used as a positive control. The cell culture medium was changed every
two days. At days 3 and 7, cells were washed with phosphate-buffered saline and

lysed with 80 ml of 0.05% Triton X-100. The plates were then subjected to three
freeze/thaw cycles. The lysates (20 ml) were added to 100 ml of substrate buffer
(2 mg/ml disodium p-nitrophenylphosphate hexahydrate and 0.75 M 2-amino-2-
methyl-1-propanol). After incubation of the mixtures at 37 �C for 30 min, absor-
bance at 405 nm was measured. ALP activity was determined from a standard curve
generated by employing the reaction of a p-nitrophenyl solution. The ALP activity
was normalized by the total protein content determined using the BCA assay
(Pierce). One way ANOVA with bonferroni correction (p< 0.05) was used for eval-
uation of statistical significance.

2.6. In vivo evaluation of rhBMP-2 implants in a rat femoral plug defect model

All surgical procedures were reviewed and approved by the Institutional Animal
Care and Use Committee. Male Sprague–Dawley rats (Harlan Labs) aged 8 weeks
(200–250 g) were used for this study. A monocortical plug bone defect (3 mm
diameter� 5 mm deep) was created in the distal region of the femur diaphysis [36],
and a cylindrical PUR scaffold (3� 5 mm) was implanted into the defect. Treatment
groups included PUR (without rhBMP-2 as a control), PUR/rhBMP-2, PUR/PLGA-L-
rhBMP-2, and PUR/PLGA-S-rhBMP-2 (n¼ 6). The dosage of rhBMP-2 within each
experimental scaffold was 2 mg (60 mg rhBMP-2/ml scaffold). After two and four
weeks post-implantation, the rats were sacrificed and the femurs removed and fixed
in 10% phosphate-buffered formalin.

Quantitative 3D analysis of bone ingrowth in the scaffolds was performed using
a mCT40 (SCANCO Medical, Bassersdorf, Switzerland), at a voxel size of 24 mm
(isotropic). The X-ray source settings were 55 kVp and 145 mA with an integration
time of 300 ms. The region of interest (100 axial slices) was centered over the defect
site in the distal femur. After reconstruction, the bone tissue was segmented from air
or soft tissue using a threshold of 270 per thousand (or 438.7 mgHA/cm3),
a Gaussian noise filter of 0.8, and support of 2. This threshold was consistent through
all specimens. Utilizing the Scanco evaluation software, we quantified the amount of
bone ingrowth into the scaffold as the percentage of bone volume (BV) per total
volume (TV), in which TV was generated by measuring the contour of the defect site.
Because the mCT40 is calibrated to known densities of hydroxyapatite (phantom),

Fig. 1. PLGA particles characterization: imaging and size distribution. (A) imaging of PLGA-L by light microscope, (B) particle size distribution of PLGA-L (light microscopy),
(C) imaging of PLGA-S by SEM, and (D) particle size distribution of PLGA-S (Malvern Zetasizer).

B. Li et al. / Biomaterials 30 (2009) 6768–67796770



the mineral density (mgHA/cm3) of each voxel was automatically provided for
segmented bone. We recorded the mean volumetric bone density of the mineralized
tissue (mBMD) in the metaphysis.

Rat bones were then decalcified with 10% ethylenediaminetetraacetic acid
(EDTA; Invitrogen), dehydrated, embedded in paraffin, and sectioned at 5 mm
thickness. The coronal slice sections were stained with hematoxylin and eosin
(H&E). Specimens were examined under light microscopy. The amount of bone
ingrowth in the scaffolds was quantified at the center sections of the implants [37].
The area of bone ingrowth in the scaffolds was highlighted using adobe photoshop
elements 7.0 and measured using image analysis software (Scion Image, Scion Corp.,
Frederick, MD), and the ratio of bone ingrowth area per whole implant area was
evaluated. One way ANOVA with bonferroni correction (p< 0.05) was used for
evaluation of statistical significance for both mCT imaging and histomorphometry
analysis.

3. Results

3.1. Characterization of PLGA micropheres

PLGA microspheres were fabricated using a double emulsion
technique. Previous studies have shown that the activity of released
rhBMP-2 is not adversely affected by the presence of the DCM
solvent used in the double emulsion technique [38], and the NMR
spectra indicated that no residual DCM solvent was present in the
microspheres (data not shown). Images of PLGA-L (light micros-
copy) and PLGA-S (SEM) microspheres are shown in Fig. 1A and C.
PLGA-L microspheres fit a normal distribution (Fig. 1B), with an
average size of 114� 40 mm (Table 2). Interestingly, the PLGA-S
microspheres fit a log-normal distribution (Fig. 1D), with an
average size of 1.30� 0.39 mm (Table 2). While both formulations
incorporated 10% PEG4600 prior to formation of the microspheres,

the PLGA-S and PLGA-L microspheres contained varying amounts
of PEG due to differences in PEG encapsulation efficiency. As
measured by 1H NMR, PLGA-L microspheres had higher PEG
content (6.7 wt%) compared to the PLGA-S (0.11 wt%) (Table 2). The
DSC data (Fig. 2) show that the PLGA microspheres undergo a single
glass transition temperature, suggesting that the microspheres are
phase-mixed. This observation is consistent with a previous study
showing that blends of PLGA and PEG (10,000 g/mol) are miscible
when solvent-cast from a solution in chloroform [39]. Due to the
differences in PEG content, the PLGA-L microspheres had a lower Tg

(34.4 �C, Table 2) compared to the PLGA-S microspheres (45.9 �C).
This observation is consistent with the well-known Fox equation,
which predicts the glass transition temperature of polymer blends
Tg,B as a function of the weight fraction wi of each component:

1=Tg;B ¼ w1=Tg1 þw2=Tg2 (1)

Considering that the Tg of the pure PLGA and the pure PEG
components were 41.5 �C and �22 �C [40], respectively, the Fox
equation predicts Tg values of 41.4 �C and 34.0 �C for the PLGA-S and
PLGA-L microspheres. The value of Tg¼ 34.0 �C predicted from the
Fox equation is in good agreement with the experimental value of
34.4 �C (Table 2) for the PLGA-L microspheres. However, for the
PLGA-S microspheres, the measured value of Tg (45.9 �C) exceeds
that of the pure PLGA used to fabricate the microspheres. It is
conjectured that the increase in Tg of the PLGA-S microspheres
results from the incorporation of poly(vinyl alchol) (PVA) stabilizer,
which has Tg¼ 85 �C (as indicated in the product specification). In
order to prepare a stable suspension of w1 mm microspheres,
a higher concentration of PVA stabilizer in the aqueous phase was
required for the PLGA-S microspheres. Although the concentration
of PVA in the PLGA microspheres could not be determined from the
NMR spectra due to overlapping peaks with PEG and PLGA, it is
likely that the PVA content was higher in the PLGA-S microspheres
due to the higher concentration of PVA in the aqueous phase and
larger surface-to-volume ratio.

For both PLGA-L and PLGA-S formulations, the overall yield of
microspheres was w80% as shown in Table 2. However, the rhBMP-2

Table 2
Summary of properties of PLGA microspheres.

Average
size
(mm)

Std
DEV
(mm)

PEG
content
(NMR)

Yield Initial rhBMP-
2 loading
(mg/ml)

Encapsulation
efficiency

Tg

(DSC)

PLGA-L 114 40 6.7% 79.5% 1.79 78.3% 34.4 �C
PLGA-S 1.30 0.39 0.11% 80.3% 2.77 65.2% 45.9 �C

Fig. 2. (A) DSC profiles of PUR scaffolds and PLGA microspheres and (B) temperature profile during the polymerization reaction. The glass transition regions for PLGA-L and PLGA-S
microspheres are indicated by the hatched lines on the plot.
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encapsulation efficiency for PLGA-L microspheres was significantly
higher than that measured for the PLGA-S microspheres (78.3 and
65.2%, respectively). Furthermore, when the concentration of PLGA-
S microspheres in the PUR scaffolds exceeded 10 wt%, the materials
became unstable, exhibiting large voids. Therefore, to maintain the
targeted 2.5 mg rhBMP-2/scaffold loading, the loading of rhBMP-2 in
the PLGA-S microspheres was higher than that of PLGA-L micro-
spheres (Table 2).

3.2. Synthesis and characterization of PUR scaffolds

Two-component porous PUR scaffolds synthesized by reactive
liquid molding exhibited interconnected pores as evidenced by
SEM imaging (Fig. 3A). The pore size was in the range of 200–
600 mm and the thickness of the pore walls and struts was less than
w100 mm thick. The incorporation of PLGA-S microspheres did not
substantially change the pore morphology (Fig. 3B and C), but the
presence of PLGA-L microspheres in the scaffold resulted in more
irregular pore shapes. The porosity of the blank PUR scaffolds was
calculated from the density to be 92.9%, and although there was
a significant reduction in porosity associated with the addition of
PLGA microspheres, the decrease in porosity was small, ranging
from 2.0 to 2.5% (Table 3).

DSC scans for PUR, PLGA-S, PLGA-L, PUR/PLGA-S, and PUR/PLGA-
L are shown in Fig. 2. The glass transition temperatures (calculated
as the midpoint of the glass transition region from the DSC scan) are
listed in Table 3. PUR scaffolds without microspheres exhibited
a single Tg of�8.6 �C, which suggests phase mixing of the isocyanate
and polyol components consistent with our previous studies [10,13].
As shown in Fig. 2 and Table 3, the addition of PLGA microspheres
resulted in a phase-separated polymer blend with two Tgs, one
corresponding to the PUR component at about �5 �C and one cor-
responding to the PLGA component at 40–45 �C. Interestingly, when
the PUR/PLGA scaffolds were heated to 55 �C (just above Tg),
quenched to�50 �C, and re-heated to 55 �C, the materials exhibited
only one Tg that was intermediate between that of the PUR scaffold
and PLGA microspheres (Table 3). This observation suggests that the
PLGA and PUR polymers are miscible, which is not surprising
considering that the PUR contains a polyester soft segment. The
reaction exotherm is plotted in Fig. 2B. When the reaction is

initiated at ambient (e.g., 20–23 �C) conditions, the maximum
temperature attained for PUR/PLGA-L scaffolds is w32 �C and the
material cools to ambient temperature after 30 min. Superimposed
on the reaction exotherms are the glass transition regions measured
for PLGA-S and PLGA-L microspheres. Interestingly, the glass tran-
sition region for the PLGA-L microspheres overlaps with the reac-
tion exotherm, suggesting that the PLGA-L microspheres may soften
during the reaction, thereby promoting inter-penetration of PUR
and PLGA chains at the interface. The modest shift in Tg from�8.6 �C
for the blank PUR scaffold to �4.8 �C for the PUR/PLGA-L scaffold
further suggests that the reaction exotherm promoted softening and
mixing near the surface of the PLGA-L microspheres.

DMA temperature sweeps were typical of rubbery elastomers as
reported previously in Refs.[2,13], exhibiting a glassy region below
Tg, a glass transition region, and a rubbery plateau at temperatures
above Tg. The storage moduli at 37 �C were measured to be
0.82 MPa, 2.31 MPa, and 0.54 MPa for PUR, PUR/PLGA-L, and PUR/
PLGA-S, respectively (Table 3). The incorporation of PLGA-L micro-
spheres increased the storage modulus significantly, while the
presence of PLGA-S microspheres decreased the storage modulus.
The effects of PLGA-S microspheres on mechanical properties are
consistent with a previous study showing that the compressive
modulus of poly(propylene fumarate) (PPF) scaffolds decreased
when 35–45 mm microspheres were embedded in the scaffold [32].

3.3. Distribution of protein in microspheres and polyurethane
scaffolds

Confocal microscopy [32] was used to image the distribution of
the model BSA–FITC protein in the microspheres and scaffolds. For
both PLGA-L-BSA–FITC and PLGA-S-BSA–FITC microspheres, the
protein appeared to be more concentrated near the surface of the
microspheres (Fig. 4B, C). For PUR/BSA–FITC scaffolds, the BSA–FITC
powder was distributed uniformly throughout the pore walls of the
scaffold (compare Fig. 4D to the blank PUR scaffolds in Fig. 4A).
However, the confocal images suggest that the particle size distri-
bution was rather broad, which is conjectured to result from poor
dispersion of the hydrophilic lyophilized rhBMP-2/glucose powder
in the hydrophobic polymer. For PUR/PLGA-L-BSA–FITC scaffolds
(Fig. 4E), since the wall of the scaffold was in most cases less than
w100 mm thick (Fig. 4D), many of the particles were only partially
embedded in the scaffold. In some cases the PLGA-L microspheres
appeared to thicken the pore walls and struts, which is conjectured
to reinforce the mechanical properties of the PUR/PLGA-L scaffolds.
In contrast, due to their smaller size, PLGA-S-BSA–FITC particles
were completely embedded and uniformly distributed throughout
the pore walls of the scaffold (Fig. 4F). Furthermore, the small
particles appeared to be well-dispersed and did not aggregate as
extensively as the BSA–FITC powder. The confocal images suggest
that PUR/PLGA-S scaffolds presented two barriers to diffusion, the

Fig. 3. SEM images of PUR scaffolds incorporating FITC–BSA: (A) BSA–FITC added as a lyophilized powder, (B) BSA–FITC microencapsulated in PLGA-L microspheres, and (C) BSA–
FITC microencapsulated in PLGA-S microspheres.

Table 3
Physical and mechanical properties of PUR scaffolds. E’ represents the storage
modulus measured by DMA.

PUR type
(n¼ 3)

Density
(kg m�3)

Porosity
(vol-%)

Tg (�C) DSC
1st cycle)

Tg (�C) DSC
2nd cycle

E’ at 37 �C
(MPa)

PUR 86.6� 2.7 92.9� 0.2 �8.6 �8.6 0.82� 0.35
PUR/PLGA-L 116.7� 2.7 90.4� 0.2 �4.8, 39.5 1.9 2.31� 0.28
PUR/PLGA-S 110.2� 2.5 90.9� 0.2 �5.2, 44.5 �4.8 0.54� 0.13
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PLGA microspheres and the PUR pore wall, which was anticipated
to substantially reduce the burst release [32].

3.4. In vitro release profile of rhBMP-2 from polyurethane scaffolds

Release profiles for rhBMP-2 encapsulated in PUR scaffolds and
PLGA microspheres are presented in Fig. 5A. When rhBMP-2 was
added to the scaffolds as a lyophilized powder, a burst release of
36% was observed on day 1, followed by a period of sustained
release until day 21. As anticipated, microencapsulation of rhBMP-2
in PLGA-L and PLGA-S microspheres substantially decreased the
burst release to <15%. However, the burst release surprisingly
increased from 8% for PLGA-L-rhBMP-2 microspheres to 25% for the
PUR/PLGA-L-rhBMP-2 scaffold. We have observed similar effects for
BSA–FITC and tobramycin (unpublished results). As discussed
previously, it is conjectured that the reaction exotherm promotes
interfacial mixing of PUR and PLGA chains and subsequent diffusion
of rhBMP-2 into the PUR phase during cure. These effects may be
exacerbated by the observation that the distribution of the hydro-
philic drug is weighted toward the surface [33]. In contrast to the
PLGA-L-rhBMP-2 microspheres, encapsulation of PLGA-S-rhBMP-2
microspheres in PUR scaffolds was observed to reduce the burst
release from 13% to 3%, which supports the hypothesis that
embedding of PLGA-S microspheres in the pore walls of the scaffold
increases the resistance to mass transfer.

The daily release profiles were calculated by fitting the cumu-
lative release profile to a logarithm function as shown in Fig. 5B,
where the differences in the amount of rhBMP-2 released in the
first 12 days between the three delivery systems are clearly evident.
The presence of 50% PEG in the polyester triol before reacting with

isocyanate resulted in a higher burst and cumulative release
(Fig. 5C), which is conjectured to result from enhanced diffusivity
and/or solubility of the protein within the scaffold due to the
hydrophilic PEG component [41].

Cumulative release curves measured for non-PEG containing
foams (Fig. 5A) were fit to a power law model [34,35]:

Mt=M0 ¼ A$tn (2)

Fitting parameters are listed in Table 4. In this model, Mt is the
cumulative amount of rhBMP-2 released at time t, M0 is the total
amount of rhBMP-2 released (assumed to be the dose of rhBMP-2
added to the material), A is a constant, and n is the reaction order
associated with the release. Values of n lower than 0.5 have been
reported for porous materials [34], and a n value near 0.5 indicates
a Fickian diffusion mechanism [34,35]. For the data shown in Fig. 5,
the values of n were determined to be 0.21, 0.72, 0.30, 0.33, and 0.55
for PUR/BMP-2, PLGA-L-BMP2, PUR/PLGA-L-BMP-2, PLGA-S-BMP-2
and PUR/PLGA-S-BMP-2 materials, respectively. Encapsulation of
PLGA-L-BMP-2 microspheres in the PUR scaffolds decreased the
value of n. However, encapsulation of PLGA-S microspheres in PUR
scaffolds increased the value of n from 0.33 to approximately 0.5,
suggesting a diffusion-controlled release mechanism. When
n¼ 0.5, Eq. (1) reduces to the Higuchi equation [42], where A is
defined as follows:

A ¼ ½CsatDð2Cload � CsatÞ�1=2 (3)

In Eq. (3), Csat¼ saturation concentration of the drug, Cload¼ load-
ing concentration of the drug (e.g., the dose of rhBMP-2 added to

Fig. 4. Confocal microscopy images of PLGA microspheres and PUR scaffolds. (A) Blank PUR, (B) PLGA-L-BSA-FITC, (C) PLGA-S-BSA-FITC, (D) PUR/BSA-FITC, (E) PUR/PLGA-L-BSA-
FITC, and (F) PUR/PLGA-S-BSA-FITC.
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the material), and D¼ the diffusivity of the drug in the polymer.
When the PLGA-S-rhBMP-2 microspheres were embedded in the
PUR scaffold, the value of A decreased from 12.2 to 4.2, which is
consistent with the notion that the diffusivity of rhBMP-2 is lowest
in these materials due to the two polymeric barriers (e.g., PLGA and
PUR) to mass transfer.

3.5. In vitro bioactivity of released rhBMP-2

To verify the bioactivity of released rhBMP-2 from PUR scaffolds,
the releasates were tested for ALP activity using MC3T3 cells. Both
rhBMP-2 releasates from PUR/rhBMP-2 and PUR/PLGA-L-rhBMP-2
scaffolds significantly enhanced ALP activity at day 3 and day 7,
when compared to the negative control (Fig. 6). There is no

significant difference between the releasates and the fresh rhBMP-
2 in terms of ALP activity. These results suggest that the osteoin-
ductive potential of the rhBMP-2 was preserved during the chemical
reaction associated with the foaming process.

3.6. In vivo study of rhBMP-2 scaffolds in rat femoral plug defects

To evaluate the in vivo osteoinductivity of PUR scaffolds incor-
porating rhBMP-2, cylindrical PUR scaffolds were implanted into
rat femoral plug defects (Fig. 7A). At week 2, mCT analysis showed
that both PUR/rhBMP-2 and PUR/PLGA-L-rhBMP-2 materials
enhanced bone ingrowth near the bottom surface of the implant
compared to the control with no rhBMP-2 (Fig. 7B). Conversely,
there was no significant increase in new bone formation in PUR/
PLGA-S-rhBMP-2 implants, presumably due to the relatively low
cumulative amount of rhBMP-2 released at 2 weeks. At week 4,
substantial new bone formation was visible throughout the entire
volume of the implants in all treatment groups (Fig. 7C). The most
extensive bone ingrowth was observed in PUR/rhBMP-2 samples,
which exhibited formation of new cortex. Although the amount of
bone ingrowth in PUR/PLGA-S-rhBMP-2 scaffolds at week 2 was
relatively small, there was significantly more new bone formation
in these scaffolds relative to the control at week 4, which is con-
jectured to result from sustained release of rhBMP-2. In the quan-
titative mCT analysis at week 4 (Fig. 8), the volume of new bone

Fig. 5. In vitro release of rhBMP-2. (A) Cumulative release from PUR scaffolds and PLGA microspheres, (B) daily release from PUR scaffolds, and (C) cumulative release from scaffolds
incorporating 50% PEG. Release kinetics were measured by ELISA.

Table 4
Parameters obtained by fitting rhBMP-2 release data to the power law model. Mt/M0,
t, A, and R2 represent cumulative percentage released (%), time (day), constant, and
the coefficient of determination, respectively.

Mt/M0¼D$tn n Value A R2

PUR/rhBMP-2 0.21 38.60 0.952
PUR/PLGA-L-rhBMP-2 0.30 28.57 0.959
PLGA-L-rhBMP-2 0.72 7.65 0.977
PUR/PLGA-S-rhBMP-2 0.55 4.24 0.997
PLGA-S-rhBMP-2 0.33 12.17 0.942
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formation per total scaffold volume (BV/TV, %) was significantly
higher for all the rhBMP-2 treatment groups than the control
(p< 0.05). Furthermore, new bone formation in the PUR/rhBMP-2
materials was significantly higher than that observed for the PUR/
PLGA-rhBMP-2 treatment groups.

3.7. Histological analysis of PUR implants

Since mCT images only reveal the presence of mineralized bone
[43], histological analysis was performed to give a more detailed
analysis on the new bone tissue formation promoted by rhBMP-2 at
early stage when the bone cells are not yet mineralized. In the
histological analysis at week 2, bone ingrowth (the red areas within
implants, highlighted in the high magnitude image with yellow
arrows) from the surrounding tissue was enhanced in the rhBMP-2
treatment groups compared to the control (Fig. 9). At week 4,
a substantial amount of mature bone formation was observed
throughout the entire area of the rhBMP-2 implants, whereas new
bone formation was observed only at the peripheral area in the
control group (Fig. 9). New bone formation in the scaffold was most
extensive in the PUR/rhBMP-2 materials, which is consistent with
the mCT analysis. Histomorphometry data show that the rhBMP-2
treatment groups promoted new bone tissue formation signifi-
cantly both at week 2 and week 4 (Fig. 10, p< 0.05). PUR/rhBMP-2

Fig. 6. In vitro alkaline phosphatase activity assay of rhBMP-2 releasates from PUR
scaffolds. MC3T3 cells were treated with or without 100 ng/ml rhBMP-2 released from
PUR scaffolds and ALP activity was measured at days 3 and 7. Fresh rhBMP-2 solution
(100 ng/ml) was used as a positive control, and serum media containing no rhBMP-2
was used as the negative control.

Fig. 7. In vivo evaluation of the effects of PUR/rhBMP-2 scaffolds on new bone formation in a rat femoral plug model. Treatment groups included: PUR control (no rhBMP-2), PUR/
rhBMP-2, PUR/PLGA-L-rhBMP-2, and PUR/PLGA-S-rhBMP-2. The PUR cylinders (5 mm� 3 mm) were implanted into rat femoral plug defects (A), and harvested for mCT imaging at
weeks 2 (B) and 4 (C) respectively.
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seems to perform slightly better than the other two treatment
groups although no statistically significant differences were
observed.

4. Discussion

Biodegradable polyurethanes have been investigated exten-
sively in tissue engineering as supportive scaffolds for cell attach-
ment, growth, and differentiation. In recent studies, scaffolds
fabricated from segmented PUR elastomers comprising hexam-
ethylene diisocyanate (HDI) have been reported to support bone
healing in iliac crest defects in sheep at six months [8,24]. In
another study, two-component lysine-diisocyanate (LDI)-based
biomaterials incorporating 10 wt% b-TCP (5 mm) were implanted
and injected into femoral cortical defects in sheep [9]. Direct
apposition of the biomaterial and bone was observed, as well as
ingrowth of new bone into adjacent pores. Similarly, the materials
investigated in the present study supported ingrowth of new bone
into the plug as early as 2 weeks, with increased new bone
formation at 4 weeks, as shown in Figs. 7–10. These results suggest
that the two-component PUR scaffolds support bone ingrowth,
which is in agreement with previous studies.

Considering the moderate osteoconductivity of PUR scaffolds,
as well as their demonstrated ability to deliver biologically active
molecules, we reasoned that release of rhBMP-2 would increase
new bone formation and accelerate healing in vivo. In the present
study, we report that the release of rhBMP-2 from PUR scaffolds is

Fig. 8. Quantitative analysis of mineralized new bone formation from mCT images
promoted by PUR/rhBMP-2, PUR/PLGA-L-rhBMP-2, and PUR/PLGA-S-rhBMP-2 scaf-
folds. The percentage of bone volume (BV) relative to total volume (TV) of each implant
was assessed from mCT imaging. Stars and lines indicate significance differences
between groups (p< 0.05).

Fig. 9. Histological evaluation of new bone formation promoted by PUR/rhBMP-2, PUR/PLGA-L-rhBMP-2, and PUR/PLGA-S-rhBMP-2 scaffolds. Explanted bones were fixed in
formalin, decalcified in EDTA, embedded in paraffin, and processed for H&E staining. The yellow arrows point to areas in the high magnitude images representing new bone
formation.
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tunable by adopting different delivery strategies, and that the
release profile affects the extent of cellular infiltration and new
bone formation in a rat femoral plug model. In the simplest
approach, rhBMP-2 powder was encapsulated in a two-compo-
nent reactive PUR scaffold to investigate the effects of the chem-
ical reaction on the bioactivity of rhBMP-2. PUR/rhBMP-2 scaffolds
exhibited a burst release for the first few days followed by sus-
tained release for approximately 15 days. Addition of PEG600 diol
to the polyol component had a significant effect on the burst
release. In the absence of PEG, the burst release for rhBMP-2 was
only 36% compared to 60% for scaffolds incorporating 50 wt% PEG
in the polyol component. Covalently bound PEG in the polymer
network renders it more hydrophilic, which increases the swelling
of the polymer and thus accelerates the release rate [41].
Furthermore, the cumulative release of rhBMP-2 from the 50% PEG
scaffolds increased from 75% (no PEG) to 95%. In contrast, although
the burst release of rhPDGF from PUR scaffolds incorporating PEG
was also 60%, the cumulative release at day 21 was only 70% [2]. It
has been suggested that the unfavorable conditions of the poly-
merization reaction may adversely affect the bioactivity of
unprotected growth factors (e.g., by microencapsulation) [32].
However, the bioactivity of the rhBMP-2 powder was preserved, as
evidenced by the in vitro data (Fig. 6) and the observation that
PUR/rhBMP-2 scaffolds promoted a large amount of new bone
formation relative to the negative control as early as 2 weeks.

A number of recent studies have shown that sustained release
of rhBMP-2 enhances healing relative to a bolus release. Therefore,
we sought to reduce the burst release observed for PUR/rhBMP-2
scaffolds by investigating the effects of PLGA microsphere size on
rhBMP-2 release kinetics and new bone formation in the rat
femoral plug model. We reasoned that encapsulation of rhBMP-2 in
microspheres would reduce the burst release due to the increased
resistance to mass transfer [32], but anticipated that this effect
would diminish with increasing size. Our results show that

microsphere size significantly affected the in vitro release kinetics.
The PLGA-S microspheres were completely embedded in the
scaffold, and the release of rhBMP-2 was observed to follow
diffusion-controlled Fickian mass-transfer kinetics with essentially
no burst [34,35]. Furthermore, embedding the PLGA-S micro-
spheres in the PUR scaffolds decreased the release kinetics
compared to that from the microspheres alone. These observations
are in agreement with previous studies reporting that rhBMP-2
loaded PLGA/Hap particles [19] and PLGA nanospheres embedded
in fibrin gels exhibited slower release compared to directly
embedding the protein in the fibrin gel [44]. In other studies,
incorporation of rhBMP-2-loaded PLGA and poly(propylene
fumarate) (PPF) microspheres in reactive PPF scaffolds resulted in
a more sustained release with a lower burst phase compared to
rhBMP-2 impregnated scaffolds [18,45]. Additionally, Texas red
dextran (TRD) encapsulated in PLGA (33 mm) and PPF (43 mm)
microspheres that were subsequently encapsulated in PPF scaffolds
exhibited a lower burst release relative to that from the micro-
spheres themselves [32].

In contrast, the PLGA-L microspheres were only partially
embedded in the scaffolds due to the fact that their size was
comparable to the thickness of the pore walls. Furthermore, the Tg

data suggest that the reaction exotherm promoted interfacial
mixing, so that the burst release of protein actually increased when
the PLGA-L microspheres were embedded in the scaffolds. A
previous study has shown that the release of TRD from PPF
microspheres embedded in PPF scaffolds was significantly slower
that that from embedded PLGA microspheres due to crosslinking at
the PPF microsphere/PPF scaffold interface [32]. These studies
suggest that the composition of the interface affects the release
kinetics – while interfacial crosslinking presents an additional
barrier to mass transfer, interfacial mixing reduces the resistance to
mass transfer. Taken together, these observations suggest that the
release of rhBMP-2 from microsphere composite scaffolds depends
on both the size of the microspheres as well as the compositions of
the microspheres and scaffold.

The in vitro drug release profile has also been shown to relate to
new bone formation in vivo [19,44]. In the present study, the release
of rhBMP-2 was measured in vitro using a perfect sink model (e.g.,
all the release medium was removed daily) [46] due to the concern
that released rhBMP-2 could degrade over time. It has been shown
that although the release of rhBMP-2 was accelerated in vivo rela-
tive to in vitro conditions, the differences between treatment
groups were similar [18,45]. In the rat femoral plug defect model
with the selected dosage of 2.5 mg rhBMP-2 per implant, the burst
release from PUR/rhBMP-2 promoted new mineralized bone
formation as early as week 2 (Fig. 7B). The PUR/PLGA-L-rhBMP-2
scaffolds, which exhibited a burst release of 25% (compared to 35%
for the PUR/rhBMP-2 formulation), also promoted more new bone
formation relative to the control, but the amount of new bone was
less than the PUR/rhBMP-2 formulation. The cumulative release
from the PUR/rhBMP-2 scaffolds exceeded that from the PUR/PLGA-
L-rhBMP-2 scaffolds until day 10, and at day 21 the cumulative
release was comparable. This suggests that early release of rhBMP-2
is important for promoting new bone formation, which is in
agreement with previous studies. BMP-2 has been reported to
recruit human mesenchymal progenitor cells (MPCs) that are
essential for bone development, remodeling, and repair [22]. In
a recent study, rhBMP-2 delivered from Matrigel plugs has been
reported to promote angiogenesis in severe combined immuno-
deficient (SCID) mice via both canonical and noncanonical Wnt
pathways [21]. The role of BMP-2 in fracture healing has also been
investigated. Over a 28-day period of fracture healing in mouse
tibias, mRNA expression of BMP-2 was highest on day 1 post-
fracture, which suggests that BMP-2 may function as the trigger in

Fig. 10. Histomorphometric analysis of new bone formation promoted by PUR/rhBMP-
2, PUR/PLGA-L-rhBMP-2, and PUR/PLGA-S-rhBMP-2 scaffolds at weeks 2 (hollow bars)
and 4 (filled bars). Areas of new bone formation were highlighted using Photoshop
elements 7.0 and then measured using Scion imaging software. Single stars indicate
significance differences between treatment groups and the negative control (no
rhBMP-2) at week 2, and double stars indicate significance differences between
treatment groups and the negative control at week 4 (p< 0.05).
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the fracture healing cascade that regulates the expression of other
BMPs [23].

The PUR/PLGA-S-rhBMP-2 treatment group, which yielded no
burst release, promoted the least amount of new bone formation
compared to the other two rhBMP-2 treatment groups. However,
a significant amount of new bone formation in PUR/PLGA-S-
rhBMP-2 scaffolds between weeks 2 and 4 suggests that sustained
release is also important to promote new bone formation. This
observation is in agreement with a fracture healing study
reporting that injection of rhBMP-2 in a calcium phosphate carrier
at one week after surgery enhanced healing in a primate osteot-
omy model relative to percutaneous injection within one day [20].
The improvement in healing observed for the delayed injection
treatment group has been attributed to an increased number of
cells that respond to the released rhBMP-2. The importance of
a sustained release of rhBMP-2 is also underscored by previous
studies showing that sustained release of rhBMP-2 protein from
polymer scaffolds promoted more bone formation in both
orthotopic [19] and ectopic [18,44] models relative to a bolus
release.

The bolus release of rhBMP-2 in the first several hours [16] may
contribute to the requirement of high rhBMP-2 dosage in clinical
studies when delivered by a collagen sponge (INFUSE� Bone Graft)
[47,48]. Due to the fact that BMP-2 is a potent morphogen, there are
safety issues associated with administering high levels of the drug
[49,50]. Therefore, to mitigate the risk associated with high dosages
and reduce the amount of the expensive growth factor that must be
delivered to achieve a therapeutic effect, it is desirable to control
the release of rhBMP-2 in order to optimize new bone formation.
Our findings suggest that both early and sustained release of
rhBMP-2 are critical in order to promote optimal bone wound
healing, which is consistent with the multiple roles of this growth
factor in bone formation. In an alternative approach, dual delivery
of rhVEGF and rhBMP-2 synergistically enhanced bone regenera-
tion relative to either factor alone [51,52], presumably due to
enhanced angiogenesis and recruitment of cells to the wound site.
It is interesting to note that there was a significant burst release of
rhVEGF and minimal burst release of rhBMP-2 in at least one of
these studies [51]; thus it is likely that the effects of rhBMP-2 on cell
recruitment and angiogenesis at the early time points were
minimal compared to rhVEGF. Considering the multiple roles of
rhBMP-2 in bone healing at both early and late time points, opti-
mizing its release may present compelling opportunities to maxi-
mize bone formation with just one growth factor, which is simpler
from a regulatory perspective than the dual growth factor
approach. Since the femoral plug defect heals spontaneously within
8 weeks [53], the optimal rhBMP-2 release strategy for healing
more challenging defects cannot be identified from the present
study. In ongoing studies, we are investigating the effects of the
rhBMP-2 delivery strategy on bone healing in critical-size femoral
segmental defects in rats, which may require a greater fraction of
the growth factor to be delivered over longer time scales. Although
the relative proportions of rhBMP-2 released at early and later time
points have not been optimized for healing defects more chal-
lenging than the femoral plug, the data suggest that both a burst
followed by sustained release of rhBMP-2 are important for
promoting new bone formation.

5. Conclusion

Biodegradable PUR scaffolds incorporating rhBMP-2 prepared
by reactive liquid molding promoted new bone formation in a rat
femoral plug model. The burst release of rhBMP-2 was reduced by
encapsulating the rhBMP-2 in PLGA microspheres prior to the
foaming reaction, and both microsphere size and composition were

observed to affect rhBMP-2 burst release and new bone formation.
Our observations suggest that both a burst release within the first
several days as well as sustained release for up to 3 weeks is
important to enhance formation of new bone tissue.
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Appendix

Figures with essential colour discrimination. Certain figures in
this article, in particular Figs. 4, 7 and 9, have parts that are difficult
to interpret in black and white. The full colour images can be found
in the on-line version, at doi:10.1016/j.biomaterials.2009.08.038.
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